As a walking assistive device for elderly persons, one of the major aims should be to improve and rehabilitate gait characteristics after long-term repeated use of the device. However, most of the existing research on walking assistive devices only emphasize their immediate effects, and there is limited research indicating the long-term effects. To address this gap, this paper experimentally validates the effects of our soft wearable robotic suit on gait characteristics of elderly persons after repeated use of the device for six weeks. Experimental results on four elderly subjects (age = 74.8 ± 5.0 year) show that, after six weeks of gait rehabilitation training by the robotic suit, the gait characteristics of the subjects were improved, leading to an increased walk ratio with an average of 9.8% compared with the initial state. The results of this research will benefit the potential use of the robotic suit in gait training and rehabilitation for elderly persons and also will be useful to the establishment of practical guidelines that maximize the training and rehabilitation effectiveness of the robotic suit.
Introduction
The worldwide elderly population has increased to 12.3%, and the number will increase dramatically to an estimated 22% by the year 2050 [1, 2] . One of the major age-related changes is the decline of walking performance that is featured by slow walking speed, rapid cadence, reduced step length, and decreased joint range of motion, as a consequence of lower limb skeletal muscle degradation [3] [4] [5] [6] [7] . Such declining walking performance may result in reduced daily physical activities, which in turn probably cause further muscle degeneration of the lower limbs. Finally, elderly persons may fall into a vicious cycle of skeletal muscle decline and daily physical activity reduction. Thus, for elderly persons, rehabilitating or at least maintaining walking performance is appealing.
In order to prevent this kind of vicious cycle, researchers have developed lower limb exoskeletons. For example, Cyberdyne Inc. [8] researched a walking-function-regaining exoskeleton. Honda Motor Co., Ltd. [9] studied a walking assistive device for improving walking ability in daily activities, and IHMC [10] presented a robotic orthosis for hip and knee assistance, as other examples. Besides these, many similar exoskeletons have also been reported in the literature [11] [12] [13] [14] [15] [16] . One of the major advantages of these devices is that they are capable of generating large enough forces for assisting the human joints. Besides that, the full or a greater portion of the body weight of wearers can be shared by their rigid frames. Even so, before their practical applications, some critical issues regarding their design and implementation should be solved. 1. Joint misalignment between exoskeleton and wearer may result in resistive force [17] and, consequently, may result in increase of energy expenditure. 2. Rigid frames may constrain the motion range of the lower limb of the wearer [18] , while conducting daily physical activities requires a sufficient motion range. 3. A massive power supply system is required for generating a large assistive force. This places additional payload on the wearer and also may lead to increased energy expenditure. 4 . The procedures of mounting and removing an exoskeleton are complicated, even impossible in some cases without the help of a fully-trained assistant. Such issues perhaps are problematic when using exoskeletons in daily physical activities.
To avoid the limitations of exoskeletons, soft robotic devices have been researched for lower limb assistance, among which typical ones include Park et al.'s soft orthosis for ankle assistance [19, 20] , Asbeck et al.'s soft exosuit for ankle assistance [21] , Ding et al.'s multi-joint soft exosuit for gait assistance [22, 23] , and our soft wearable robotic suit for hip assistance [24, 25] . In such devices, exact joint alignment between wearer and device is not necessary. Additionally, because of the adoption of soft materials, wearers can walk with almost no kinematic constraints, and they can conduct interactions with devices in a biomechanically-compatible and safe way [26] . Moreover, a smaller and lighter power supply system can be applied because they usually provide relatively less assistive power compared with exoskeletons.
Specifically, in previous works [24, 25] , the author and his colleagues have presented a soft robotic suit, as shown in Figure 1 , for walking assistance for elderly persons in daily physical activities. The device provides a small, yet effective assistive force for hip flexion. In addition, its weight is light, and it provides an almost full lower limb motion range for wearers. It has been reported [24] that, as an immediate effect on nine 74.2 ± 3.7 year-old elderly persons, the device significantly reduced energy expenditure in level walking with an average of 5.9% and significantly increased the walk ratio, which is a normalized measure of step length (i.e., stride length divided by cadence) [27] , with an average of 8.9% in the condition of the device worn and powered on (PON) compared with the condition of worn, but powered off (POFF). It has also been reported [25] that energy expenditure was significantly reduced by 6.5% for inclined walking in the PON condition compared with the POFF condition.
One of the major aims of walking assistive devices should be to provide gait training and rehabilitation for elderly persons by repeated use of the device. However, most of the existing research only focuses on immediate effects of the devices, e.g., the differences between the POFF condition and the PON condition. There is limited research indicating the long-term effects, e.g., the differences of the POFF condition between the initial state and the state of after long-term repeated use, and only a few reports are available in the literature [28] . To address this gap, this paper experimentally validates the effects of our robotic suit on gait characteristics after six weeks' repeated use of the device for demonstrating its potential use in gait training and rehabilitation for elderly persons. It is hoped that the results of this research will be useful to the establishment of practical guidelines that maximize the training and rehabilitation effectiveness of the device.
The rest of the paper is provided as follows. An overview of the author and his colleagues' soft robotic suit is given in Section 2. The six weeks' effects of the device on gait characteristics are experimentally validated in Section 3. Section 5 discusses the experimental results, and Section 6 concludes the paper and suggests future work. 
Overview of a Soft Wearable Robotic Suit
We have presented a soft wearable robotic suit for energy-efficient walking for elderly persons in daily physical activities. Figure 1 illustrates the entire design of the device, which consists of a waist support brace, knee braces, actuators, controllers, stiff and elastic belts, load cells, and gyroscopes. For each leg, one actuator and one controller were affixed to the front and the back sides of the waist support brace, respectively. The upper end of the stiff belt was pinned to the actuator, and the bottom two ends of the inverted Y-shaped elastic belt were attached to the lateral two sides of the knee brace, respectively. In addition, the bottom end of the stiff belt and the upper end of the elastic belt were connected through the load cell. Moreover, the gyroscope was attached to the thigh. The total mass of the device was 2.7 kg, excluding the power supply system (the power of the device was supplied by an external power supply by a power cable.).
The robotic suit assists hip flexion through a small, yet effective tension force, as shown in Figure 2 . Specifically, a tension force is generated on the stiff and elastic belts by the winding up of the belts during the swing phase, and it is transmitted to the wearer's hip joint. In the case of stand phase, the device provides a small enough tension force that permits "creeping" of the belts along the thigh without influencing the hip extension. Figure 3 shows the control architecture. The hip angle was calculated through the numerical integration of the hip angular velocity, which was obtained by the gyroscope. Estimations of average gait cycle and three events of heel contact, minimum hip angle, and maximum hip angle were conducted. Then, these estimated values were applied for the desired assistive force generation. In order to track the desired force smoothly and safely, a proxy-based sliding mode controller [29] was conducted with a control cycle of T = 0.001 s. Figure 4 illustrates the typical data of hip angle and assistive force. 
Experiment
A 6-week experiment was conducted for validating the long-term effects of the robotic suit on the gait characteristics of elderly persons. Here, it should be mentioned that the term "long-term effects" is a relative term. Specifically, it refers to the differences of the POFF condition between the initial state and the state of after 6 weeks' repeated use of the robotic suit and is used to distinguish it from "immediate effects", which refers to the comparison between the POFF condition and the PON condition. The Experiment Ethics Committee of the Faculty of Engineering of Kyushu University approved the experiment.
Subjects
Four healthy elderly subjects (two males, two females, age = 74.8 ± 5.0 years, weight = 60.0 ± 9.2 kg, height = 160.5 ± 7.5 cm) participated in the experiment.
Protocol
Each subject performed a preliminary exercise before conducting the main experiment. First, subjects were allowed to walk on a treadmill (SportsArt, FM-TR22F) for familiarizing with treadmill walking. Then, the procedure reported in [30] was applied for determining the preferred walking speed of each subject (3.8 ± 0.5 km/h). After that, at the preferred walking speed, each subject was instructed to walk in the PON condition with the maximum assistive force 23.3 ± 4.9 N for getting use to the device. Here, for each subject, the maximum assistive force was set as the value that the subject felt most comfortable with in the PON condition by considering individual differences [31] . Moreover, for all subjects, the assistance started at the event of minimum hip angle, reached its maximum value at the event of maximum hip angle, and ended at the event of heel contact.
The evaluation was conducted continuously over a period of 6 weeks. Each subject participated in the experiment at the same time (e.g., 9:00) on the same day (e.g., Monday) of each week. On each experimental day, each subject performed 4 trials of 6-min treadmill walking at the preferred walking speed, as shown in Figure 5 . Among them, two trials were in the POFF condition, and the other two were in the PON condition. A 10-min rest was conducted after Trials 1 and 3, and a 20-min rest was provided after Trial 2. For excluding the influences of measurement errors and biomechanical variations, the order of the experimental conditions was reversed on each week. Specifically, for each subject, the trial order was randomly determined for Week 1 (i.e., either Trial Order A or Trial Order B, as depicted in Figure 5 ). Then, for the remaining 5 weeks, the reverse order of each previous week was applied. For each trial, as illustrated in Figure 2 , reflective markers were affixed to an approximation of the center of mass (COM), hip, knee, ankle, and toe. A 6-camera motion capture system (S250e, NaturalPoint, Inc., Oregon, USA) was used for tracking the reflective markers during the last 1-min period of walking with a frequency of 75 Hz.
Data Analysis
Missing marker frames (maximum 10 frames) of the measured data were filled by applying a third-degree polynomial interpolation provided by the Motive software (NaturalPoint, Inc.). Horizontal position data of the markers were measured in absolute coordinates, and then, they were converted to the relative coordinate data by setting the horizontal position of COM in the absolute coordinate as the horizontal origin of the relative coordinate system.
For all trials, joint angles were calculated by using the kinematic data. In addition, stride duration was obtained by detecting the period between two successive maximum horizontal positions of the toe. Then, cadence was computed by using the stride duration, and step length was calculated from cadence and walking speed. After that, the walk ratio was obtained by dividing the step length by cadence. The averages of all trials of each subject in each condition of each day were used for the analysis.
Paired t-tests were conducted for identifying the significant changes of maximum hip angles (flexion and extension), maximum knee angles (flexion and extension), maximum ankle angles (dorsiflexion and plantar flexion), and the walk ratio (i.e., stride length divided by cadence) in the POFF condition between Week 1 and Week 6. In addition, a paired t-test was also performed to determine the significant difference in the walk ratio between the POFF condition and the PON condition by using the average value of four subjects in each condition of each week. Standard deviations were calculated for all measures. Figure 6 compares average maximum hip, knee, and ankle angles of each week between the POFF condition and the PON condition. It is shown that the effects of assistance were mainly detected in hip flexion, knee flexion, and ankle dorsiflexion, with average increases of 10.5%, 1.9%, and 33.7%, respectively. In addition, the tendency of the values increased as the week progressed. Figures 7 and 8 compare the joint angles of hip, knee, and ankle achieved in the POFF condition between Week 1 and Week 6. It was observed that, after six weeks' use of the robotic suit, the gait characteristics were changed. Specifically, maximum hip flexion angle was reduced from 27.6 ± 3.1 degrees to 22.5 ± 3.2 degrees, while maximum hip extension angle was increased from 15.4 ± 9.1 degrees to 20.8 ± 5.2 degrees. For the knee joint, maximum extension angle reached 3.6 ± 3.9 degrees from 10.1 ± 9.0 degrees, while maximum flexion angle reduced to 58.3 ± 6.2 degrees from 66.5 ± 5.0 degrees. Besides that, in the case of ankle joint, the maximum dorsiflexion angle was reduced to 3.4 ± 5.8 degrees from 7.4 ± 5.0 degrees, while maximum plantar flexion angle was increased to 21.4 ± 5.6 degrees from 19.4 ± 6.1 degrees. Statistically-significant differences were found in maximum hip flexion, maximum knee flexion, and maximum ankle dorsiflexion, with an average reduction of 20.7%, 12.5%, and 54.3%, respectively, in Week 6. As a result of the above-mentioned changes, the walk ratio varied concurrently, as illustrated in Figure 9 . It is shown that, for each week, the walk ratio of the PON condition was higher than that of the POFF condition. In addition, the tendencies of both conditions increased as the week progressed (POFF: y = 0.00009148x + 0.00503251, R 2 = 0.623; PON: y = 0.00004885x + 0.00555119, R 2 = 0.397), but the difference between the two conditions decreased. Figure 10 shows statistical comparisons of the six weeks' average walk ratio between the POFF condition and the PON condition. It is shown that walk ratio of the PON condition was 0.0057 m/steps/ min, while that of the POFF condition was 0.0054 m/steps/min. A statistically-significant difference was detected. On each bar chart, the error bar denotes one standard deviation. Figure 11 compares the individual walk ratio of the POFF condition between Week 1 and Week 6. It is shown that, compared with initial state, the walk ratio of three subjects increased 6.8%, 22.2%, and 13.7%, respectively, after six weeks' use of the robotic suit, while that of one subject slightly decreased 2.9%. Figure 12 shows statistical comparisons of the walk ratio achieved in the POFF condition between Week 1 and Week 6. It is shown that, although no significant difference was detected, after six weeks, the walk ratio increased from 0.0052 ± 0.0013 m/steps/min to 0.0057 ± 0.0009 m/steps/min in the POFF condition, with an average increase of 9.8%. Figure 13 demonstrates typical motions around the timings of the toe off and the heel contact. One can observe that, compared with Week 1, the lower limb of Week 6 acted more like an inverted pendulum motion. 
Results

Discussion
Motion ranges of hip, knee, and ankle joints increased in the PON condition compared with those in the POFF condition. Correspondingly, the walk ratio of the PON condition increased to 0.0057 m/steps/min from 0.0054 m/steps/min of the POFF condition, with an average increase of 6.9%. Toward this, we considered that the provided hip flexion assistance contributed to the hip flexion and consequently brought the swing leg to be positioned further forward compared with the case of the POFF condition. This result is consistent with our previous results [24] showing that the walk ratio in the PON condition was significantly increased to 0.0057 m/steps/min with an average increase of 8.9% compared with that in the POFF condition. It is recognized that healthy young persons walk at a walk ratio of approximately 0.0065 m/steps/min [32] . Thus, it can be confirmed that, as immediate effects (i.e., comparison between the POFF condition and the PON condition), the robotic suit improved gait characteristics of the elderly persons to a level closer to a healthy gait pattern.
On the other hand, after six weeks' use of the robotic suit, the walk ratio in the POFF condition reached 0.0057 ± 0.0013 m/steps/min from its initial state 0.0052 ± 0.0009 m/steps/min, with an average increase of 9.8%. Moreover, it was interestingly observed that elderly persons with a lower walk ratio may improve more by repeated use of the robotic suit. A similar study has also been conducted by Shimada et al. [28] to evaluate the long-term effects of a hip assistive device for three months. However, they reported that there was no increase of the walk ratio after three months' walking training with their device, while they found a significant increase of the walk ratio in an experiment for validating the immediate effects [33] . Thus, it can be argued that, as long-term effects (i.e., comparison in the POFF condition between Week 1 and Week 6), our device had the potential to make a contribution to gait rehabilitation of elderly persons.
However, it is also found that, different from the immediate effect of the improved walk ratio by mainly increasing hip flexion, knee flexion, and ankle dorsiflexion, the walk ratio increased with reduced hip flexion, knee flexion, and ankle dorsiflexion, but increased hip extension, knee extension, and ankle plantar flexion in the case of long-term effects. Toward such a difference, we considered that the provided hip flexion assistance may indirectly influence the dynamics of the lower limbs. The most potential contributor could be the improved pelvic rotation. It is known [34, 35] that the pelvic rotation plays an important role in determining step length or, equivalently, the walk ratio. That is, the greater pelvic rotation allowed for a larger step length. It was also reported [36] [37] [38] that elderly persons walk in degraded pelvic rotation and hip extension, resulting in a declined walk ratio and walking speed. By considering these, in the case of using the device, we assumed that hip flexion assistance promoted the forward pelvis rotation of the elderly subjects. In turn, this promotion concurrently enhanced the standing leg muscles that were used for stabilizing the oppositely-rotating trunk, as pointed out in [39] . In such a way, after six weeks' repeated use of the device, it seems that muscles used for hip extension were reactivated and then softened, consequently leading to improved maximum hip extension. On the other hand, this improvement contributed to the improved gait characteristics with the increased walk ratio.
In addition, it was studied that energy expenditure of elderly persons during walking is higher than that of young persons [40] . Several researches have suggested that the possible reasons for such increase are decreased motion range of lower limb joints and shortened step length (i.e., walk ratio) [41] [42] [43] [44] . It is also known [43] that a full knee extension (i.e., maximum knee extension angle with zero degrees) allows the lower limbs to behave like an inverted pendulum motion, with which a healthy person at preferred speed (i.e., the walk ratio was approximately 0.0065 m/steps/min) optimizes the potential energy and the kinetic energy exchange of COM, consequently leading to minimized energy expenditure. In our previous study [24] , it has been observed that energy expenditure was significantly reduced 5.9% in the PON condition with a significant 8.9% increase of walk ratio. Thus, it can be inferred that, as immediate effects, the elderly subjects participating in this study probably walked more easily and comfortably with less energy in the PON condition owing to the improved gait characteristics, although the energy expenditure was not directly measured here. Similarly, as long-term effects, increased knee extension and increased walk ratio achieved after six weeks' repeated use of the device also probably improved energy efficiency of walking for the elderly subjects in the POFF condition.
As a whole, it can be concluded that the robotic suit is effective not only at improving gait characteristics as immediate effects, but also potentially useful for rehabilitating gait characteristics as long-term effects.
Conclusions and Future Work
This paper has experimentally validated the long-term effects of a soft robotic suit for walking assistance for elderly persons in daily activities. Experimental results illustrated that, after six weeks' use of the device, the gait characteristics of the subjects were improved to a level closer to a healthy gait pattern in the POFF condition, leading to an increased walk ratio with an average increase of 9.8% compared with the initial state. As was discussed, the promoted forward pelvis rotation and the correspondingly improved extensions of hip and knee joints were probably the major contributors for the rehabilitated gait characteristics. Such long-term effects of our robotic suit support its potential use in gait training and rehabilitation for elderly persons.
It also should be mentioned here that, although average improvements were found in some gait parameters, e.g., walk ratio, no significant differences were detected in these parameters probably due to the limit of the sample size of subjects and day-to-day variations.
As future research, the performance evaluation of the robotic suit for a longer period, e.g., a period longer than six months, is desirable for further supporting the effectiveness of the device in the long term. Future research also should include the development of effective training guidelines for maximizing rehabilitation effectiveness and the design of an adaptive control scheme for different walking patterns with the aim of achieving maximized effectiveness. 
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